Low-resistivity materials have been proposed for the fabrication of radiation-hard solid-state particle detectors. A complete analysis of low-resistivity detector performance, including the estimate of charge collection efficiency, has been carried out by using a numerical device simulator, and compared with results expected from conventional, high-resistivity devices. By exploiting the features of the CAD environment, characterization of devices over a wide range of fluences and applied biases has been possible, avoiding the actual fabrication of prototypes, as well as lengthy and expensive testing procedures.
I. INTRODUCTION
Solid-state particle detectors employed at the new Large Hadron Collider (LHC) are expected to undergo, during their active life, fluences well in the range of 10 14 n/cm 2 . Such a unprecedented amount of radiation will result in severe damage of the detectors, which should nevertheless preserve their functionality.
As the accumulated damage increases, in particular, transport properties of the silicon substrate of microstrip detectors are significantly affected by the deep-level traps originated by the tracking particles. An increase of the so-called effective-doping concentration is progressively induced, resulting in the type-inversion phenomenon. Depletion characteristics of the device, in turn, worsen; the consequent loss of efficiency, in principle, can be recovered by increasing the operating bias voltage. However, in this case, larger noise due to leakage currents and in higher power dissipation is to be expected. Breakdown phenomena becomes more critical as well.
Long-term optimization of such devices, therefore, should consider all of these effects in a unique, self-consistent framework. Within the design flow of silicon detectors, radiation-hardness investigations are therefore becoming of the utmost importance. Approaches to this topic based on CAD techniques have been envisaged [1] , [2] , aimed at predicting device performance under variable damage conditions, without the need of actually fabricating and irradiating devices. In this paper, a CAD-based strategy will be followed to investigate the behavior of microstrip detectors fabricated on medium-resistivity silicon substrates. Although low-doped devices guarantee lower depletion voltages for the non-irradiated devices, the adoption of higher doping concentration has been suggested as a promising strategy to obtain better long-term radiation hardness. In Sect. 2 below, we shall briefly discuss the main features of the simulation technique followed in the present work, whereas simulation results will be presented in Sect. 3. Eventually, conclusions will be drawn in Sect. 4.
II. THE SIMULATION TECHNIQUE
Solid-state semiconductor detectors are modeled at a physical level, by using a general-purpose device simulator [3] : a few options have been added to make it more suitable for the specific task at hand. In particular, the program solves the semiconductor transport equations (in the drift-diffusion approximation) over a discretized two-dimensional domain. Features relevant to our goals include: i) the description of the charge dynamically generated by the ionizing particle along its path [4] , and, ii) radiation-induced deep-level trap model [5] .
By exploiting these two features, the simulator can thus accurately model the transient response of the detector to an impinging particle, accounting for the effects of an arbitrary radiation dose. This, in turn, provides a virtual workbench for the evaluation of long-term detector performance: correlation between radiation hardness and fabrication, operating and environmental parameters can be investigated. In the following, a few details about the models embedded into the code are given.
A. Radiation-generated charge As a ionizing particle moves across the device, electronholes pair are generated by impact: such an amount of charge can be accounted for by an additional contribution to the net recombination rate, which appears in the current-continuity equations belonging to the transport model. By means of a proper discretization technique, compatible with the "Box Integration Scheme" [6] adopted for the discretization of the semiconductor equations, such a term can be distributed almost arbitrarily in time and space, so that the actual particle trajectory across the device can be realistically rendered. This is then assumed as a starting condition for a transient simulation, capable of predicting the current pulses at the external electrodes.
B. Radiation damage
Deep-level traps induced by the radiation are described by means of a generalized Shockley-Read-Hall statistic [7] : user-definable parameters include position of the energy levels and their relative capture cross-sections. Such parameters, in turn, can be experimentally characterized by means of DLTS, TSC or TCT techniques [8] , [9] . Both acceptor and donors levels can be considered, and arbitrary defect-concentrations can be assigned to each level: such concentrations can be, in turn, directly correlated to the particle fluence experienced by the detector. However, details on the actual distribution of energy levels within the bandgap, have not yet been completely enlightened: in the following, we shall therefore refer to a simplified picture of the damage mechanism, based on a limited number of "dominant" defects. In particular, a characterization of static and dynamic parameters of a microstrip detector was presented in [5] , based on a model featuring a single energy level. Here, a more accurate description is given, based on two cooperating levels: by comparing findings from many experimental works, we selected an acceptor and a donor level, the main parameters of which are summarized in the table below. Here, n and p represent the capture cross-sections for electrons and holes, respectively, and represents the introduction rate. There is indeed a fair agreement between most authors (see, e.g., [8] ) on these parameters; the deep-acceptor level is assumed to be related with the divacancy VV(-/0) complex, whereas the deep-donor level is attributed to the C i O i complex. 
III. SIMULATION RESULTS
By accounting for a multiple trap-level description, the simulation accuracy can be improved. This holds true not only from a merely quantitative point of view, but also on a more qualitative ground: some effects are actually observed, which cannot by interpreted without considering interaction between levels. For instance, Fig. 1 illustrates the dependency of the depletion voltage on the radiation damage, as predicted by the simulation for a simple p + -n-n + diode, and compares simulated results with actual measurements. The two-level model provides a better overall agreement with experimental data, and, more significantly, gives reason of the saturating trend of the experimental curve observed in the very high-fluence range ( > 2 10 14 n/cm 2 ). The single-level model (characterized as in [5] ) predicts, beyond the inversion point, a steady increase in the hole charge concentration, which, in turn, results in an increase of the depletion voltage. By considering both acceptor and donor levels together, compensation may occur, which results in a milder increase of the mobile charge concentration and thus in a lower depletion voltage.
A second example is illustrated by Figs. 2 and 3, and is related to the depletion dynamics within the same structure discussed above. Following a common interpretation, heavily irradiated silicon p + n junctions, when the substrate is type-inverted, can be assumed to behave just as an effective p-type substrate, so that the effective junction is located at the ohmic side, close to the substrate contact, and the depletion front should develop, as the bias voltage increases, from this side towards the p + strips. This is actually what the simulation predicts, if a simple "effective doping" shift is accounted for, or even if a single energy-level trapping mechanism is accounted for. Fig. 2 refers to a single acceptor-level simulation of the type-inverted p + -n-n + structure, and, by showing the hole concentration profile, it makes the above statement evident.
However, there is a significant experimental evidence that a "double-sided" depletion mechanism actually may occur; such a mechanism has been inferred by looking at detector output current pulses [10] , or by analyzing charge collection properties of back-and front-irradiated devices [11] , [12] . By repeating the simulation with a two-level model of radiation damage, such an effect become clearly visible in the simulation too, as shown in Fig. 3 , and can be more easily physically interpreted [13] . In particular, this aspect may sensibly affect the estimate of the amount of collected charge: in the following analysis of charge collection efficiency, such a two-level modeling of radiation damage has therefore been adopted.
As introduced above, the use of (relatively) low-resistivity material ( < 1k cm) has been suggested as an effective mean to improve the long-term radiation hardness of silicon detectors [14] , [15] .
Higher-resistivity substrates have been customarily used up to now, because of the low bias voltage needed to attain the full depletion condition of the as-processed device, which is essential to maximize its Charge Collection Efficiency (CCE). However, in modern colliders, such an low-bias condition can be exploited only for a very limited fraction of the detector life: as soon as the defect concentration raise up to the order of shallow-donor concentration, type-inversion occurs. At large fluences, this results in a rather early degrade of the detector performance, to be compensated by applying increasingly large bias voltages. If a higher initial doping were adopted, type-inversion would instead occur at larger fluences, as shown in Fig. 4 . Here, depletion voltages required by a low-and a high-resistivity detectors are correlated to the fluence. Type-inversion of the low-resistivity curve is "delayed" with respect to the high-resistivity one. This comes at the expense of a larger depletion voltage in the initial phase of the detector operation, but: i) the average bias is lower, and a more stable bias can be applied; ii) due to the steep slope of the curve in the low-fluence range, a moderate pre-irradiation of detectors [14] would possibly mitigate such a problem; iii) in any case, it is still preferable to apply larger voltages in the early part of the system life than in its terminal part: the read-out electronics is, in this case, less damaged as well and could therefore better cope with the excess noise due to the larger bias. Instead, in the medium and high fluence range, low-resistivity detectors can be operated at much lower voltages than the high-resistivity ones. Moreover, the adoption of low-resistivity material does not seem to be critical in terms of leakage current. In Figs. 5 and 6, currents calculated for the non-irradiated and for the heavily-irradiated samples are reported: although radiation damage results, as expected, in a marked increase of the leakage currents, negligible differences in such currents are to be correlated to the resistivity of the starting material, as long as the operating condition (i.e., full depletion of the substrate) is attained.
We now move to consider the dependency of detector's active performance on the substrate resistivity: to this purpose, a total amount of 2.4 10 4 electron-hole pairs, equivalent to a global charge of about 3.8 fC, has been distributed along a vertical trajectory (i.e., normal to the detector surface), and assumed to hit the device just in the middle of a metal strip. Then, a transient simulation has been performed. The shape of the terminal current pulses predicted by the simulation is shown in Fig. 7 . Different radiation damage conditions have been considered, at a constant bias voltage: degradation of the output pulse due to the increasing damage is evident. In the real operating environment, such pulses are actually integrated by a charge pre-amplifier, to extract positional informations from the multi-channel detectors. Hence, the total amount of collected charge is critical with respect to the S/N ratio of the system. We therefore numerically integrate the current pulses, to estimate the amount of charge collected at each strip: results obtained from the simulation of detectors fabricated on different starting materials are shown in Figs. 8, 9 and 10.
From Fig. 8 , in particular, the efficiency recovery obtained by increasing the applied voltage is clearly visible: substantially no charge loss can be ascribed to the larger initial doping, provided that, as suggested above, a higher bias voltage is applied; in both cases, almost the total amount of generated charge is eventually collected at the strip. For irradiated 100 200 300 400 500
Voltage [V] devices, however, this strategy cannot be safely extended too far in the applied bias range: in order to prevent breakdown phenomena, a limiting value should be assumed and a complete recovery of the generated charge is not within reach.
Under these conditions, actually, low-resistivity materials exhibit better performance than high-resistivity ones, as illustrated by the plots in Figs. 9 and 10. From these curves, in fact, one can infer the maximum amount of charge which can be collected, at a given fluence, within the breakdown-safe range. By inspection, slightly higher values of such a merit figure are found for the low-resistivity material. A more significant operating constraint can actually be considered, posed by the read-out electronics in terms of the minimum detectable amount of charge. From the plots in Figs. 9 and 10, the minimum value of the bias voltage which fulfills such a constraint can be extracted. For instance, assuming a critical charge of 2.5 fC, one finds the results listed in Table  2 . From the table below, it emerges more clearly the superior Table 2 Minimum V bias for a charge of 2. A further, significant figure of merit is the Charge Collection Efficiency (CCE), which can be defined as the ratio between the charge actually collected and that collected, in the same operating conditions, by the non-irradiated device: plots in Figs. 11 and 12 reports the CCE computed for the high-resistivity and the low-resistivity detectors. The low-resistivity detector exhibit a less-pronounced sensitivity on the radiation fluence, i.e., it can be considered more "radiation-hard" than its high-resistivity counterpart. All of the discussion carried out so far, however, has been focused on a worst-case analysis, since only fairly high radiation doses were considered: finally, Fig. 13 proposes a more comprehensive interpretation of the radiation hardness. In such a figure, the charges collected by the high-resistivity and the low-resistivity detector are compared over the whole fluence range foreseen at the Large Hadron Collider. In particular, the ratio between such charges is reported for a couple of fixed bias voltages. The break-even point (i.e., the point at which such a ratio assumes a unit value) can be assumed, in this case, as a meaningful indicator, which expresses the fluence beyond which the low-resistivity device delivers better absolute performance. Beside this, it is also worth remarking that the small penalty to be paid, in the early phase of the detector life, for the lower resistivity (less than 5 % charge loss, for the examples at hand) appears to be largely compensated by the advantages obtained in the long-running perspective (up to 20 % more charge collected by the aged detector).
IV. CONCLUSIONS
In this paper, a CAD analysis of silicon microstrip detectors has been carried out, aimed at evaluating main characteristics of detectors fabricated on (relatively) low-resistivity substrates. To this purpose, an accurate radiation damage model has been considered, based on a multiple deep-level trapping mechanism. By exploiting the virtual testing environment provided by the simulator, detectors performance have actually been compared over the full fluence and bias ranges expected at Large Hadron Collider experiments, allowing for an accurate balance between costs and benefits of the low-resistivity option. It has been shown that the adoption of low-resistivity material may indeed result in a significant improvement of the detector overall performance over its long-term operating life. At worst case (i.e., at very large fluences), depletion voltages are required, which are lower than those needed by conventional, high-resistivity detectors; better charge-collection efficiency has been predicted as well. Similar considerations apply on a lifetime-averaged basis, so that the adoption of low-resistivity starting materials appears to be a quite promising approach to the improvement of radiation hardness of next-generation solid-state detectors.
